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VBS analyses

Not separately gauge invariant...

Two classes of processes:
Electroweak production

@ Purely EW processes 32 ‘L:E e +E +>’% e
Strong production ﬁ +E +\2 +j§§ +

Aim of 8 TeV analysis: finding evidence for same-sign W-boson EW production
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Why same-sign?

WEWFjj  wEwtj

-1
ngcvo[ﬁb_l] 3;3% igg — Background from QCD production reduced
oEw/oQcD 0.03 1.03

BUT we have charge mis-identification!

s e+t
\/ = Charge mislD rate

Conversion electron

o Z/y* — eTeT events

%, Bremsstrahlung photon
Primary electron \

o used to weight OS events

Reconstructed electron
with wrong charge
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ATLAS analysis in a nutshell

Evidence for Electroweak Production of WEW=jj in pp collisions
at v/s =8 TeV with the ATLAS detector

(http://arxiv.org/pdf/1405.6241v2.pdf)

Lin =20 fb~1, data collected in 2012.
Cut and count analysis in 2 different regions

The two analysis regions

@ Inclusive region:
o study WE W existence
o signal = EW + QCD

o VBS region:

o study WEW=E EW production
e signal = EW, background = QCD
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http://arxiv.org/pdf/1405.6241v2.pdf

ATLAS analysis [SCIEEINESIGE

Fiducial regions

Theoretical calculations

tagging jet (4)

tagging jet (3)

q q
@ Inclusive region s
o my; (highest pr jets) > 500 GeV z/+
e VBS region U/
o + rapidity cut |Ay;| > 2.4 q q
oindl (EW + QCD) = 1.52 + 0.11 fb ‘ ’ GYES(EW + INTERF) = 0.95 + 0.06 fb

Calculations made with POWHEG-BOX
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LYWASIERELCEN  Background

Background

Sources

SM processes can mimic the signature (¢’ + ET54-2 jets

Type Sources Reduction
WZ+jets
1 SS leptons ZZ+jets veto! on third lepton
ttv
tt — lvlubb b-jet veto +SS req.
2 OS charge misID ~ WEWT + jets
Z/vy*+jets— £X0F +jets  large ET+my; peak excl.
W+jets _
. tt — Lvjjbb . miss
3 Jets, v mis-reco single top b-jet veto+ET
Wry+jets tight isolation+veto! on third lepton

Estimation:

2 Charge mis-identification: Z events

3 Jet fake rate: different control regions

Lveto: event removed if additional lepton passes looser isolation requirements, pr >7(6) GeV for e (p)

Cross sections in VBS
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ATLAS analysis Results

Results
Yields
Inclusive region VBS region
etet et t P et et et P
WEWEjj QCD 080 £015 25404 1424023 | 025+ 0.06 0.71 +0.14 0.38 £ 0.08
wEw*ji Ew 3.07 + 0.30 9.0 £ 0.8 49+05 255 + 0.25 73106 4.0+ 04
Total background 6.8 1.2 10.3 £ 2.0 30+ 06 5.0+ 0.9 83+ 16 26 £ 05
Total predicted 10.7 + 1.4 217 + 2.6 9.3+ 1.0 76 + 1.0 15.6 £+ 2.0 6.6 + 0.8
Data 12 26 12 6 18 10
> B L
K] ATLAS * Data2012
3 20.3fb",1s=8TeV BXXY a%st. Uncertainty 35
T T T 6 : “Wjj Electroweak J
2 30— )\TLA% l l ! ! ! ! ! - 2 —> | W*Wj Strong ]
o E * Data2012 12 B8 Prompt -
i] [ 203fb" 1s=8TeV B Syst. Uncertainty ] w Conversions 3
25:— m, > 500 GeV — W;W;]] Electroweak—: B Other non-prompt 3
F W*Wjj Strong ]
20 N Prompt 4
E — Conversions ]
15: B Other non-prompt
10 -
o i 7 g r * Data/Bkg 1
r B [ CJ Bkg Uncertainty ]
5 ] %1 s %44 (Sig+Bkg)/Bkg L ]
AAAAA | .3 % F . | ]
0 1 2 8 4 5 6 7 8 9 g 0 200 400 600 800 1000 1200 1400 1600 1800 2000

A
By, m, [GeV]
Cross sections in VBS April 17, 2015 8 /14




ATLAS analysis Results

Results

Cross section

ofid =21 4 0.5 (stat) + 0.3 (syst) fb

inc
@ Significance: 4.50
® Oexp = 1.52 £ 0.11 fb

ATLAS SMapgi=1.52+ 0.11 [fb]
20.3b" \s=8 TeV NLO, POWHEG-BOX, CT10

ete*
2.0+15+ 05[]

et —
2.1%0.7£03 ]

22+09+02[f]

Combination
2.1£05 £ 0.3[fb]

05 THTTis T2 25 3 35
o g 1]

ofds =13+ 0.4 (stat) £ 0.2 (syst) fb
o Significance: 3.60
® Texp = 0.95 + 0.06 fb

ATLAS SM o2%=0.95 + 0.06 [fb]
203 fb‘ \S=S TeV NLO, POWHEG-BOX, CT10

et —
0.4+ 1.0+4.0 [fb]
et ——
1.3+ 0.6 £0.25 [fb]
W
1.7+0.840.15 [fb]

l{l'

Combination o
1.3+0.4+0.2fb]

1.5 2 .
o 455 o]

-1 -0.5 0 0.5

First evidence for WEW=jj production and EW-only WEW=jj production
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Towards Run 2

LHC Run 2 is approaching:
center of mass energies of 13 TeV are expected

1

How much is our signal changing between 8 and 13 TeV? J

3
Comparison plots for EW and QCD signal samples at 8 and 13 TeV:

@ shapes and acceptance changes?

Technicalities:
@ Signal samples generated with Sherpa 2.1.1, LO up to 3 additional partons

QCD EW
8TeV 13TeV 13TeV/8TeV | 8 TeV 13TeV 13 TeV/8 TeV
Oprod [fb] | 10.1 25.9 2.6 | 16.4 43.0 2.6
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ACTCICERIPAN  Signal plot comparison

Signal plot comparison
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Towards Run2 Acceptance

Acceptance
:' E T T T T T T 3 : T T T T T 3
@ oo ATLAS Work IniProgress - EWK 8TeV = ] Work In Progress — EWK 8TeV 3
Dwé — EWK13Tev 3 —EWK13Tev ]
et M —— QCD 8TeV E| :’”e-z:f,__ — QCD 8TeV E
0.06 + + = QCD 13TeV = E —— = QCD 13TeV =
0.05 §+#+m#+ **ﬂ * — H -~ "':.#*-h.- . -
004; ++‘ ﬂ‘ 3 ; ++ ¥+ - E
e t + El i +.+. +, + et
oz F TH L = + ¢+
001;5.0‘3‘ 0.*‘ . ’.: o E ‘ ‘ ‘ ‘ ‘ #+ a
> E E > g 3
£ e ttlE E 1.+ T f 3
3 T H ittt s ﬁ# TH EYE E
R RRCOR 2625 daa 2o gt o ||T+ E B e + E
9 osE E 2 ost E
% T 3 3 7 5 & 7 3 0= 540~ —1000 1500 2000 2500 3000 3500 _ 4000
an,, My (GEV)
EW QCD
Cut 8TeV 13 TeV 13TeV/8TeV | 8TeV 13TeV 13 TeV/8 TeV
All 12.6% 14.3% 1.1 14.1% 13.4 % 1.0
mj; 4.9% 7.2% 1.5 3.7 % 4.8% 1.3
Anj; 3.7% 5.6% 1.5 1.1 % 1.5% 1.4
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ACYEICERIP AN New variables

An interesting variable

Other variables currently being studied to enhance the signal yield

Inclusive region

1

Centrality:

leptons between the two jets

VBS region

s T T T T T T T S E T T T T T T =
a ATLAS  Work In Progress. — EWK 8TeV @ O4E ATLAS  Work In Progress — EWK 8TeV 3
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Conclusions and outlook

Conclusions and outlook

o The 8 TeV analysis has shown the first evidence of W= W= jj production
The prospects for the 13 TeV analysis are good!

1

@ Higher cross section

@ increasing acceptance
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Object Reconstruction in ATLAS

Electron candidates:
@ combination of a cluster of energy deposit in the em calorimeter and a track in the ID
o pr > 25 GeV
o |n| < 2.47
Muon candidates
@ Tracks in the ID and MS
pr > 25 GeV
e |n| <24

o Required to originate from the same interaction vertex

o Cone size of calorimeter and tracker isolation: AR = 0.3
Jets

@ anti-k; algorithm with R=0.4

o pr > 30 GeV

e |n| < 45
E_rlr_viss

@ Energy collected by em and hadronic calorimeters, muon tracks in the ID and MS
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Why same sign?

Opposite-sign production EW diagrams is small compared to QCD one, while in same-sign
production they are comparable.
The background from diboson production, tt and Z+jets is much lower.

Final state Process VVjj-EW VVjj-QCD
£vf'*y' jj (same sign, arbitrary flavor) W*W= 19.5 fb 18.8 fb
=v{'*v' jj (opposite sign) W=W+ 913 b 3030 b
VY 7z 2.4 b 162 fb
0=V Wz 30.2fb 687 fb
=0T ZZ 1.5 106 b
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Why VBS studies?

In the absence of a light SM Higgs boson the longitudinally polarized VBS amplitude increases as
function of /s and violates unitarity at energies around 1 TeV.

+
The SM Higgs boson should avoid this problem

VV scattering is the key process to probe EWSB

We can establish if the Higgs boson can preserve unitarity of the VBS at all energies J

10% ¢ T T T T T
o Test of the Higgs boson nature ““

o The discovered Higgs boson contribute fully
to the EWSB

o -
WEWL = Wy W

!
VV interaction remain weak at high energies
@ Model independent research of alternative

Cross Section (pb)
T v -,
o
B

theory -
o The discovered Higgs boson is partially 10 \\\ 09
responsible for the EWSB ey
Cheung, Chiang, Yuan ™.
1 S SM
10“ L L L L ™y L
VV interaction get strong at high energy 200 400 800 1000 2000 3000 5000

sy (GEY)
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What is VBS?

At hadron colliders VBS can be idealized as

Interaction of gauge bosons radiated from
initial state quarks yielding a final state with 6
particles (at LO): 4 decay products of the two
final vector bosons and two outgoing jets

1
VVjj

BUT
VBS diagrams are not separately gauge invariant and must be studied in conjunction with
additional Feynman diagrams leading to the same VVjj final state.

April 17, 2015 5/18
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VVjj final state diagrams

Theoretically there are two classes of physical processes.
o Electroweak production: Only Weak interaction

° O(aﬁsw)
o VBS signal in it

o It contains also:
purely ew process which give the same final state
processes with 3 decaying vector boson (only 1 decaying hadronically)

JED s

e rm—— e G i



VVjj final state diagrams

Theoretically there are two classes of physical processes.

o Electroweak production: Only Weak interaction
e Strong production: Both strong and ew interaction
o O(agyas)
e qq or gg scattering + VV radiation
ew VV production + radiation of gluons leading to jets
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How's it made?

Rapidity difference of tagging jets
T T T T T T

w7

tagging jet (4)

w0 e —— WWj-EW

tagging jet (3) WWIQCD

m

8
[y

I+ (2) v o 1z 3 s 5 8 7

Invariant mass of tagging jets

VBS topology:

. L . . BT e g

@ 2 high-pr jets in the forward regions (2 jets F —— WWjQCD E

with highest pt) E 1

@ No color exchange in the hard scattering 3" 3

process — rapidity gap in the central part
of the detector ool

o large mj; and mef IR e

M) [GeV]
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Monte Carlo samples

Monte Carlo samples

@ Signal and diboson
— SHERPA. For VVjj-EW O(agw )= 6, for VVjj-QCD O(agw )= 4. O(as) not fixed but
determined by SHERPA

o DBS
— PYTHIA
o tt+V (V=W,Z)
— MADGRAPH, showered by PYTHIA
o Wr, Z+jets
— Alpgen, Herwig++ for showering, Jimmy for underlying event modelling

@ Parton distribution functions
— CT10
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Yields

VBS SR ¢e VBS SR e VBS SR g
Inclusive SR ee | Inclusive SR ey | Inclusive SR s Other non-prompt 05020.26 1.500.62 0.340.19
Other non-prompt 0.61£0.30 1852076 04120.22 Charge-misID (DD) 1.39:027 0.64+0.24 00000
Charge-misID (DD) 2.07+0.38 0.77+0.27 n_nuiggg W=W=jj (strong) 0.25£0.06 0.71x0.14 0.38=0.08
WZ(EW+QCD) 2.74+0.64 5.64+1.25 2.42+0.57 WZ(EW+QCD) 2.06+0.53 4.05+0.98 1.830.47
Wy 111061 1.59£0.78 0,009 Wiy 071043 1.280.67 0.00: 506
7741 0.09:0.07 0.160.13 0.07:0.05 ZZ—41 0.040.04 0,05+0.04 0.0120.01
1+ W/Z 0.15:0.06 0.2520.10 0.11£0.05 H+W/Z 0.050.03 0.10£0.04 0.020.01
Background 6.76+1.16 10.27+1.95 3.01£0.63 Background 5.01+0.91 8.33+1.63 2.58+0.53
WEWE] 3962041 11432111 6292062 WEWEj (electroweak) | 2.5520.25 7.27+0.64 4042037
Total Predicted 10.72+1.38 21.71£2.64 9.30£1.03 Total Predicted 7.57£1.03 15.59+2.00 6.63+0.76
Data 12.00:£346(stat.) | 26.00+5.10(stat.) | 12.00£346(stat.) Data 60022 45(stat,) | 18.00£4.24(stat) | 10.003.16(stat.)
Inclusive Region VBS Region
eFet et o et et s
Prompt 3.0+ 0.7 6.1+13 2.6+ 06 22405 42+ 10 19+05
Conversions 32+07 24+08 - 21+05 1.9 £07 -
Other non-prompt 061+030 19+08 041+£022|050+£026 15+06 0.34=£0.19
WEW#jj Strong 089+015 25+04 142+0.23|025+0.06 0.71 +0.14 0.38 £+ 0.08
U"iﬂ"ijj Electroweak | 3.07 £ 0.30 9.0+ 0.8 494+05 |255+025 73+06 40+ 04
Total background 68+12 103+20 3.0+ 06 50+ 0.9 83+16 2.6 £0.5
Total predicted 107+ 14 217426 93+ 10 76+10 156+ 2.0 6.6 + 0.8
Data 12 26 12 6 18 10
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Charge mis-ID background

uE charge flip rate negligible compared to the et

Conversion electron

Main process:
radiation of hard photon through Bremsstrahlung emission
followed by ete~ production

", Bremsstrahlung photon

Reconstructed electron
with wrong charge

— Measurement of the charge mislD rate with Z/y* — eTeT events with two methods:

Likelihood method Tag-and-Probe method

InC(e|N, Nss) = Tag electron defined with tighter cuts — charge

. 2 . assumed to be correctly reconstructed
. i (e; ) - NYL — N (e .
Tijin (N (ei +¢))) - Ngg — N (e + ¢5) Probe electron additional lepton in each event

N+ total number of candidate N oses
N;é number of candidates with SS e pairs €7 Worobes

€ probability to undergo charge mis-identification

For both methods:
@ ¢ measured as a function of 77 and pt of the electron

@ Closure tests performed exploiting MC truth

The prediction for the number of SS events originated from charge misID is given by:
OS events selected and weighted by the charge misID rate
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Monte Carlo samples Fiducial regions

Fiducial regions

Theoretical calculations

Two fiducial regions are defined to follow the selections applied in the analysis

@ Inclusive region:
o 2 same sign leptons with
o pr > 25 GeV
° |n| <25
o myy > 20 GeV
o ARyy = /(A®)2 + (An)2 > 0.3
o At least 2 anti-k; jets with
e R=04
o p7 > 30 GeV
e |n| <45
° AR@ > 03
(hlghest pr jets) > 500 GeV

o E;”’ss > 40 GeV
o VBS region: cuts above + rapidity cut [Ay;| > 2.4

e rE—— Ryl 17, 2015
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Monte Carlo samples Fiducial regions

ATLAS analysis event selection

Summary

Events selection used for the analysis:

event cleaning

exactly two selected leptons with my, > 20 GeV
veto events with additional veto leptons

qey X qe, >0

pr > 25 GeV

|mgg — mz| > 10 GeV in the ee channel

Emiss > 40 GeV

at least two jets with pr > 30 GeV and [n| < 4.5
b-jet veto

mj; > 500 GeV

|Ayji| > 2.4 - VBS analysis region

e rm——
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Monte Carlo samples Fiducial regions

Samples generation cuts

Process:

@ leptons:
o pr >5 GeV
e no n cut
o jets:
o N>2
o pr >15GeV
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Monte Carlo samples Fiducial regions

Signal plots cutflow

plﬁp >25 GeV

|nfeP| <2.5 GeV

mye > 20 GeV

Qe X Gey, >0

Eg."’“ > 40 GeV

Pl > 30 GeV

[np < 4.5

mj; > 500 GeV

|Ayji| > 2.4 - VBS analysis region
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More plots

Fiducial regions

samples
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More plots

Monte Carlo samples Fiducial regions
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Centrality

Defined as:

¢ = min(min(ne1, ng2) — min(nj1,mj2), max(nj1, nj2) — max(ner, ne2))
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